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PURPOSE. To determine if patients with cardiovascular comorbidities but no clinically
detectable retinal disease demonstrate quantitative alterations to perifoveal capillary
networks.

METHODS. Comparisons were made between 10 eyes from patients with vascular
comorbidities and 17 control eyes. All eyes were absent of clinically evident ocular disease.
Microcannulation techniques were used to label the retinal microvasculature. Retinae were
flat mounted, and the peripapillary region 2 mm nasal to the fovea was imaged using confocal
laser scanning microscopy. Two- and three-dimensional image reconstructions were used to
perform quantitative measurements of individual capillary networks within the perifovea.
Parameters measured included capillary diameter, capillary loop area, capillary loop length,
capillary density, and capillary surface area.

RESULTS. Capillary diameter was increased in the retinal ganglion cell and superficial inner
plexiform layer capillary network in patients with vascular comorbidities. Capillary loop area
and capillary loop length were reduced in all capillary networks in patients with vascular
comorbidities except the deep capillary network of the inner nuclear layer. Capillary density
was reduced in the nerve fiber layer capillary network in patients with vascular comorbidities.
There was no difference in the relative occupied capillary surface area between control and
diseased eyes.

CONCLUSIONS. The results in this study suggest that the quantitative characteristics of perifoveal
capillary networks are nonuniformly altered in patients with vascular comorbidities, before
the onset of clinically identifiable eye diseases. These findings may be important for
understanding pathophysiological mechanisms involved in retinal vascular diseases.
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The human retina is nourished by a layered network of
capillaries that are morphometrically organized in accor-

dance with the heterogeneic metabolic demands of neuronal
subtypes.1,2 Capillary endothelia facilitate the exchange of
nutrients and toxic wastes between neurons and supporting
glia.3–5 By doing so they perform a critical role in modulating
retinal homeostasis. Cardiovascular comorbidities have the
potential to alter the blood–retina barrier (BRB) and are
therefore considered important risk factors for retinal dis-
ease.6,7 However, it is unknown if the quantitative character-
istics of retinal capillary networks are altered before disease-
induced alterations to the BRB become clinically manifest. Such
knowledge is important as it may permit the application of
emerging state-of-the-art technology to image capillary net-
works and thus detect early retinal disease.3 Furthermore,
because breakdown of the BRB results in vasogenic edema and
neural tissue damage with resultant loss of vision,4 the clinical
application of such histopathologic knowledge could be of
major benefit in the prevention of vision loss. Understanding
capillary network changes in patients with cardiovascular
comorbidities may provide valuable insights into pathogenic
mechanisms that underlie retinal vascular diseases.

Utilizing novel microcannulation techniques developed in
our laboratory, we have previously quantified the quantitative
characteristics of capillary networks that serve the retina.5–9

These studies have identified four different capillary networks
in the normal human retina, the quantitative and morphomet-
ric characteristics of each network varying with retinal depth
and eccentricity.5,6 The present study employed two- and
three-dimensional image analysis techniques to document
perifoveal capillary network changes in patients with a history
of cardiovascular morbidity but no clinically detectable retinal
disease. We also determined if capillary networks are
selectively or uniformly altered by cardiovascular morbidity.
The purpose of this study was to investigate the consequence
of cardiovascular morbidity on retinal capillary network
morphometry. Results presented in the paper may allow
clinico-histologic correlation with modern imaging devices to
aid in the early detection of retinal vascular disease. As the
retina is considered a window to the brain, findings in this
report may also provide a valuable contribution to previous
investigations that have demonstrated important relationships
between retinal vascular characteristics and cardiovascular
morbidity.10–15
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MATERIALS AND METHODS

This study was approved by the human research ethics
committee at The University of Western Australia. All human
tissue was handled according to the tenets of the Declaration
of Helsinki.

Human Donor Eyes

Human donor eyes used for this research were absent of
clinically evident ocular disease. Ocular disease in donor eyes
was excluded using patient records, postmortem examination
by an ophthalmologist, and also examination of retinal flat
mounts with a fluorescent microscope after perfusion.
Specifically, examination of retinal flat mounts did not
demonstrate the presence of microaneurysms, neovascular
vessels, leakage, arterial/vein occlusions, vascular anomalies, or
areas of retina nonperfusion in donor eyes. A total of 10 human
eyes from 6 donors with vascular comorbidities and 17 control
eyes from 12 donors were used. Most of the control eyes used
in this study were also used in our previous work.6

Additionally, 6 control eyes from 4 new donors were used; 2
of these donors died from hanging (ages 15 and 19 years), and
the other 2 died from metastatic cancer (ages 67 and 73 years).
In this study, the group with cardiovascular comorbidities is
referred to as the disease group, and control donors are
referred to as the control group. Patients in the disease group
suffered from one or more of the following vascular comorbid
conditions: hypertension, congestive cardiac failure, dyslipide-
mia, atherosclerosis, atrial fibrillation, or hypercholesterolemia
(Table 1). All eyes were obtained from the Lions Eye Bank of
Western Australia (Lions Eye Institute, Western Australia). The
demographic data and vascular comorbidities of each donor are
presented in Table 1.

Tissue Preparation

Our previously reported method of microcannulation and
targeted perfusion-based labeling techniques was utilized to
label the retinal microvasculature.5–9 The central retinal artery
was cannulated using a glass micropipette, and the retinal
circulation was perfused for 20 minutes with a mixture of

oxygenated Ringer’s solution and 1% bovine serum albumin. A
solution of 4% paraformaldehyde in 0.1 M phosphate buffer
was then used for perfusion-fixation with permeabilization of
endothelial cell membranes aided by a 0.1% Triton X-100 in 0.1
M phosphate buffer solution. Detergent was removed from the
retinal circulation by perfusion with 0.1 M phosphate buffer
solution. Endothelial microfilaments were labeled over 2 hours
by perfusion with a solution comprising either phalloidin
conjugated to Alexa Fluor 546 (30 U, A22283; Invitrogen,
Carlsbad, CA) or lectin-TRITC16 (1:40, L5266; Sigma-Aldrich, St.
Louis, MO). Nucleus labeling was achieved with bisbenzimide
(1.2 lg/mL; Sigma-Aldrich). Residual label was cleared from the
vasculature by further perfusion with 0.1 M phosphate buffer.
Labeled specimens were immersion fixed in 4% paraformalde-
hyde overnight prior to dissection and flat mounting.

Microscopy

The perifoveal region, located 2 mm nasal to the center of the
fovea, was imaged using confocal laser scanning microscopy.17

The region that was studied occupied an area of 4.1 3 105 lm2.
The perifovea was examined because we had previously
quantified the morphometric characteristics of capillary
networks in this region in normal human eyes and thus were
able to make direct and reliable comparisons with eyes from
patients with cardiovascular comorbidities.6 The other reason
the perifovea was analyzed was that it is traversed by the
macula–papillary bundle and thus plays a critical role in visual
processing. Furthermore, unlike the peripheral retina, which is
composed of only a single row of ganglion cells, the nasal
perifovea is characterized by four or five rows of retinal
ganglion cells.17 Wide-field images utilizing a 34 dry lens (Plan
numerical aperture [NA] 0.2; Nikon, Tokyo, Japan) and a
fluorescent microscope (Eclipse E800; Nikon) were used to
accurately measure distances from the center of the fovea prior
to confocal scanning. Confocal microscope images were
captured using a Nikon C1 Confocal with EZ-C1 (version
3.20) image acquisition software. A 320 dry objective lens (NA
0.4) was used for all scans. Using a motorized stage, a series of
z-stacks were captured for each specimen beginning from the
vitreal surface at the level of the inner limiting membrane to
the outer retina. Each z-stack consisted of a depth of optical

TABLE 1. Donor Demographic Details: Sex, Age, Eye, Vascular Comorbidities, Cause of Death, and Time to Perfusion for Each Eye Donor

Patient ID Sex Age, y Eye Vascular Comorbidities Cause of Death Time to Perfusion, h

A F 56 RþL Hypercholesterolemia Renal transplant failure 8.5

B M 65 RþL Hypertension, atherosclerosis ICH 14

C M 64 L Hypertension MI 14

D M 60 RþL Atrial fibrillation, hypertension, heart failure MI 8.5

E M 64 L Hypertension, dyslipidemia MI 22

F M 79 RþL Hypertension, atherosclerosis ICH 15

G M 32 L - MVA 20

H M 23 L - Suicide 22

I M 53 L - MVA 14

J M 66 RþL - Metastatic colon cancer 15

K M 22 L - Suicide 15

L M 27 L - MVA 8

M M 59 RþL - Melanoma 12

N M 39 RþL - Bacterial endocarditis 20

O M 15 RþL - Hanging 22.5

P M 19 R - Hanging 17

Q M 67 L - Metastatic lung cancer 12

R F 73 R - Metastatic breast cancer 15

R, right; L, left; ICH, intracranial hemorrhage; MI, myocardial infarction; MVA, motor vehicle accident. Line separates disease and control eyes.
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sections collected at 0.35-lm increments along the z-plane.
Visualization of sections was achieved by sequential laser
excitation at a 488- and 561-nm line from an argon laser with
emissions detected through a 525/50-nm 595/40-nm band pass
filter, respectively.

Image Preparation

ImagePro Plus (version 7.1; Media Cybernetics, Rockville, MD)
and ImageJ (version 1.43; http:/rsb.info.nih.gov/ij [provided in
the public domain by National Institutes of Health, Bethesda,
MD]) software were used to quantify confocal microscope
images. All images for the manuscript were prepared using
Adobe Photoshop (version 12.1; Adobe Systems, Inc., San Jose,
CA) and Adobe Illustrator CS5 (version 12.1.0; Adobe Systems,
Inc.). Confocal images in this manuscript were pseudo-colored
using Look Up Tables available on ImageJ.

Three-dimensional reconstruction of capillary networks was
performed using Imaris software (version 7.4.2; Bitplane,
Zurich, Switzerland). To minimize artifact caused by minor
fluctuations in signal intensity, the dataset was refined by
utilizing the Gaussian filter tool and background subtraction
prior to three-dimensional reconstruction.6

Qualitative Differentiation of Capillary Networks

Our previously defined morphometric criteria, which have
been validated by interobserver correlation studies, were used
to partition the retinal circulation into separate capillary
networks.5,6 Capillary branching patterns, trajectory, and
position respective to nuclear layers were used to stratify the
retinal circulation into separate networks. Qualitative studies
were performed only on eyes from the disease group, as we
had previously reported the characteristics of different
networks in normal eyes.6

Morphometric Quantification of Capillary
Networks

Our previously published methods were used to quantify the
morphometric features of capillary networks in the disease
group.6 Manual tracing methods using ImageJ software
(version 1.43; National Institutes of Health) were employed
to obtain capillary diameter, capillary loop area, capillary loop
length, and capillary density measurements from each net-
work.18–22 Capillary loop area was defined as the area enclosed
by regional capillaries that intersected to form a closed loop
within a network. The boundary of individual capillary loops in
each network was determined by carefully scrolling through
image slices within the stack. Three-dimensional image
reconstructions (described below) were also used to accurate-
ly delineate the boundaries of capillary loops. Once the
boundaries of individual capillary loops were determined, the
z-projected image of the stack was used to calculate the loop
area. Capillary loop length was calculated by measuring the
maximal linear distance between capillary loop apices formed
by z-projected capillary loops.

Capillary density was determined by calculating the
percentage of the image that was occupied by capillary
lumens. Manual tracing techniques were used to determine
the area of the image occupied by capillary lumens. Capillary
density was determined by dividing this measurement by the
total area of the image. In some eyes, data could not be
obtained from all capillary networks due to limitations in image
quality.

Imaris (Bitplane) statistics sum function was applied to
three-dimensional image reconstructions to express the surface

area of each capillary network as a proportion of the total
surface area occupied by capillaries in the perifoveal region.
This calculation was performed using eyes in the control and
disease groups and is referred to as the relative occupied
capillary surface area.

Statistical Analysis

All data are expressed in terms of mean and standard error,
which were calculated using R (R Foundation for Statistical
Computing, Vienna, Austria). The disease eye cohort data were
initially analyzed followed by comparisons with control
groups. In the disease group analysis, capillary network layer
and postmortem time were assigned as covariates and
morphometric measurements as the response variable. Multi-
ple measurements from eyes, with data taken from right and
left eyes of the same individual, were analyzed with right or left
eye nested within eye donor, assigned as random effects to
account for factor correlations.23 Analysis of covariance
(ANCOVA) testing between four capillary networks generated
three comparisons; thus a P value of <0.017 was considered
significant.

In the analysis comparing disease and control eye cohorts,
we grouped measurements from a single capillary network.
Similarly, group (control or disease group) and postmortem
time were assigned as covariates with morphometric measure-
ments as the response variable. Right or left eyes nested within
eye donor were assigned as random effects to account for
factor correlations.23 For these comparisons, ANCOVA testing
was performed with a P value of <0.050 considered
significant.

RESULTS

Eye Donors

The mean age of donors in the control group was 43.6 6 5.1
years (range, 15–73 years). We examined 5 right eyes and 12
left eyes from a total of 12 donors (10 male, 2 female). The
average postmortem time before eyes were perfused was 15.7
6 1.3 hours.

The mean age of donors in the disease group was 64.8 6

2.5 (range, 56–79 years). We examined 4 right eyes and 6 left
eyes from a total of 6 donors (5 male, 1 female). The average
postmortem time before eyes were perfused was 12.2 6 1.4
hours. There was a significant difference between the mean
age of donor eyes in the disease and control groups (P ¼
0.005).

General

All orders of retinal microvasculature were clearly identifiable
by our perfusion labeling technique. The position and
morphology of separate capillary networks in disease eyes
were similar to what we observed in control eyes.5,6 We
identified four separate capillary networks in disease eyes
corresponding to the following regions within the retina: the
nerve fiber layer (NFL), the retinal ganglion cell/superficial
inner plexiform layer (RGC/sIPL), the deep inner plexiform
layer/superficial inner nuclear layer (dIPL/sINL), and the deep
inner nuclear layer (dINL).

A total of 1348 capillary diameter and 315 capillary loop
area measurements were made in control eyes. A total of 1547
capillary diameter and 280 capillary loop area measurements
were performed in disease eyes.
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Morphometric Characteristics of Capillary

Networks in Disease Eyes

Morphometric characteristics of the four different capillary
networks in diseased eyes are shown in Figure 1.

NFL Capillary Network. Capillaries of the NFL network
were characterized by a predominance of capillary segments
that were oriented parallel to the direction of retinal ganglion
cell axons (Fig. 1B). Short interconnecting segments bridged
these capillaries in a diagonal or perpendicular fashion. Mean
capillary diameter in the NFL network was 8.64 6 0.06 lm.
Mean capillary loop area was 2496.36 6 713.48 lm2. Mean
capillary loop length in the NFL network was 83.25 6 17.14

lm. Capillary density in the NFL network was 12.78% 6

1.66%. Mean relative occupied capillary surface area was
13.62% 6 2.31%. NFL capillary measurements from individual
donors are presented in Table 2.

RGC/sIPL Capillary Network. Capillaries of the RGC/sIPL
network were characterized by a dense meshwork of three-
dimensional vessels (Fig. 1C). Reduced intercapillary distance
was a predominant feature of this network with capillary
segments demonstrating sharp diagonal and orthogonal
branching patterns. Mean capillary diameter in the RGC/sIPL
network was 8.93 6 0.07 lm. Mean capillary loop area was
1734.01 6 141.66 lm2. Mean capillary loop length in the
RGC/sIPL network was 62.41 6 3.10 lm. Capillary density in

FIGURE 1. Three-dimensional reconstruction of human perifoveal capillary networks in an eye with vascular comorbidities (A). Confocal capillary
images captured from a single laser channel demonstrate the NFL network (B), RGC/sIPL network (C), dIPL/sINL network (D), and dINL network
(E). Arrow indicates direction from vitread to sclerad surface. Scale bar: 100 lm.
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the RGC/sIPL network was 25.46% 6 1.76%. Mean relative
occupied capillary surface area was 40.55% 6 4.44%. RGC/
sIPL capillary measurements from individual donors are
presented in Table 2.

dIPL/sINL Capillary Network. Capillaries in the dIPL/
sINL network were highly tortuous and demonstrated
irregular-shaped loop configurations (Fig. 1D). Mean capillary
diameter in the dIPL/sINL network was 8.96 6 0.06 lm. Mean
capillary loop area was 2813.66 6 427.61 lm2. Mean capillary
loop length in the dIPL/sINL network was 73.86 6 6.49 lm.
Capillary density in the dIPL/sINL network was 17.77% 6
1.55%. Mean relative occupied capillary surface area was
19.35% 6 2.79%. dIPL/sINL capillary measurements from
individual donors are presented in Table 2.

dINL Capillary Network. Capillaries of the dINL network
were characterized by a predominantly one-dimensional
laminar configuration where capillaries ran a trajectory with
little tortuosity (Fig. 1E). Mean capillary diameter in the dINL
network was 9.10 6 0.07 lm. Mean capillary loop area was
6004.32 6 526.20 lm2. Mean capillary loop length in the dINL
network was 147.86 6 9.46 lm. Capillary density in the dINL
network was 21.55% 6 1.38%. Mean relative occupied capillary
surface area was 26.48% 6 1.83%. dINL capillary measurements
from individual donors are presented in Table 2.

Comparisons Between Capillary Networks in
Disease Eyes

Age was not associated with capillary diameter, loop area,
loop length, density, or occupied capillary surface area
measurements in any of the control (P > 0.107) or disease
networks (P > 0.172). Capillary diameter was smallest in the
NFL network and was significantly smaller than in the RGC/
sIPL network (P¼ 0.001) and dIPL/sINL network (P¼ 0.002),
but not the dINL network (P ¼ 0.062). There was no
difference in capillary diameter between the RGC/sIPL
network and dIPL/sINL network (P ¼ 0.489). There was also
no difference in capillary diameter between RGC/sIPL and
dINL networks (P ¼ 0.205).

Capillary loop area was smallest in the RGC/sIPL network
and was significantly smaller than in the dIPL/sINL and dINL
networks (all P < 0.003), but not the NFL network (P ¼
0.086). Capillary loop area was largest in the dINL network
and was significantly larger than in the NFL, RGC/sIPL, and
dIPL/sINL networks (all P < 0.003). Capillary loop area was
not significantly different between the NFL and dIPL/sINL
networks (P ¼ 0.738).

Capillary loop length was largest in the dINL network and
was significantly larger than in the NFL, RGC/sIPL, and dIPL/
sINL networks (all P < 0.003). Capillary loop length was
smallest in the RGC/sIPL network and was significantly smaller
than in the dINL (P < 0.001), but not the NFL (P¼ 0.062) or
dIPL/sINL network (P¼ 0.035). Capillary loop length was not
significantly different between the NFL and dIPL/sINL
networks (P ¼ 0.292).

Capillary density was smallest in the NFL network and was
significantly smaller than in the RGC/sIPL network (P¼ 0.001)
and dINL network (P¼ 0.011), but not the dIPL/sINL network
(P ¼ 0.043). Capillary density was significantly smaller in the
dIPL/sINL network than in the RGC/sIPL network (P¼ 0.001).
There was no difference in capillary density between the dINL
network and the RGC/sIPL network (P¼0.075) and dIPL/sINL
network (P ¼ 0.017).

Relative occupied capillary surface area was greatest in the
RGC/sIPL network and was significantly greater than in the
NFL (P¼ 0.004) and dIPL/sINL (P¼ 0.012) networks, but not
in the dINL network (P ¼ 0.038). Relative occupied capillary
surface area was significantly larger in the dINL than in theT
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NFL (P ¼ 0.010). There was no difference in capillary surface
area between the dIPL/sINL and the NFL (P ¼ 0.152) or the
dINL network (P ¼ 0.055).

Comparisons Between Disease and Control Eyes

Morphometric comparisons between control and disease eyes
are displayed as bar charts in Figure 2. Morphometric
comparisons between control and disease eyes for NFL,
RGC/sIPL, dIPL/sINL, and dINL networks are provided in
Figure 3. Comparisons of the three-dimensional characteristics
of these networks are provided in Figure 4.

NFL Capillary Network. There was no difference in NFL
capillary diameter between disease and control groups (P ¼
0.469). Capillary loop area (P¼ 0.020), capillary loop length (P
¼ 0.009), and density (P¼ 0.033) were reduced in disease eyes
(Figs. 3A, 3B, 4A). There was no difference in relative occupied
capillary surface area between disease and control groups (P¼
0.279).

RGC/sIPL Capillary Network. Capillary diameter in the
RGC/sIPL network in the disease group was greater than in
control eyes (P ¼ 0.005). Disease eyes had smaller capillary
loop area (P ¼ 0.001) and capillary loop lengths (P ¼ 0.003);
however, there was no significant difference in capillary
density (P ¼ 0.271) between the two groups (Figs. 3C, 3D,
4B). There was no difference in relative occupied capillary
surface area between disease and control groups (P ¼ 0.218).

dIPL/sINL Capillary Network. There was no difference in
dIPL/sINL capillary diameter between disease and control
groups (P ¼ 0.065). Disease eyes had smaller capillary loop
areas (P ¼ 0.008) and capillary loop lengths (P ¼ 0.005), but
there was no significant difference in capillary density (P ¼
0.173) between the two groups (Figs. 3E, 3F, 4C). There was no
difference in relative occupied capillary surface area between
disease and control groups (P ¼ 0.061).

dINL Capillary Network. There was no difference in dINL
capillary diameter between disease and control groups (P ¼
0.073). There was no difference in capillary loop area (P ¼
0.863), capillary loop length (P¼ 0.444), capillary density (P¼
0.075), and relative occupied capillary surface area (P¼ 0.440)
between the two groups (Figs. 3G, 3H, 4D).

DISCUSSION

The major findings from this study are as follows. First,
cardiovascular comorbidities induce alterations to capillary
diameter, capillary loop area, and capillary density measure-
ments within the human perifovea. Second, capillary networks
are altered in a nonuniform manner by cardiovascular
comorbidities. Specifically, capillary diameter increased in the
RGC/sIPL network. Capillary loop length and capillary loop
area decreased in all networks other than the deep INL
network in patients with cardiovascular comorbidities. Capil-
lary density was reduced in the NFL network only.

Capillary endothelia maintain intimate relationships with
neurons and glia cells and thereby modulate retinal homeosta-
sis.24–28 The morphometric organization and position of
capillary networks, within the layered retina, are believed to
correlate with the metabolic demands of regional neuronal
subtypes.1,2,27–32 Quantifiable parameters such as capillary
loop area, capillary loop length, capillary density, and capillary
diameter convey vital information about the vasculogenic
mechanisms that are involved in retinal nutrition.19–22 Through
the complex process of neurovascular coupling, capillary
diameter is linked to mean erythrocyte transit time through a
microcirculation and contributes to the tissue oxygen extrac-
tion fraction.29,30 Similarly, capillary loop area and density

FIGURE 2. Quantitative comparisons of capillary network morphom-
etry. Comparisons between control and disease eyes for capillary
diameter (A), capillary loop area (B), capillary density (C), and relative
occupied capillary surface area (D) are presented. Mean 6 standard
error for each parameter is provided. Asterisk denotes a significant
difference between control and disease eyes (P < 0.05).
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FIGURE 3. Morphometric comparisons between control and disease eyes for NFL (A, B), RGC/sIPL (C, D), dIPL/sINL (E, F), and dINL (G, H) networks.
Some capillary loops in each image are shaded in blue to allow comparison of capillary loop area between the two groups. Scale bar: 100 lm.
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measurements allow inference about diffusion mechanisms
that are involved in satisfying regional energy demands.22,31–34

Cardiovascular comorbidities, including ischemic heart
disease, hypertension, smoking, and hypercholesterolemia,
have been implicated in the pathogenesis of retinal vascular
disease.10,12,14,15,35–39 Detailed histopathologic studies have
demonstrated alterations to endothelial tight junctions, base-
ment membranes, and mural cells in patients with cardiovas-
cular disease.12,13,35 The net effect of these histologic changes
is the breakdown of the BRB. Clinical manifestations of BRB
perturbations include microaneurysms, exudates, hemorrhag-
es, edema, and nerve fiber layer ischemia.15,22,40–42 When

present in the macula or perifovea, these changes can result in
rapid and irreversible vision loss.43 Although transverse
histologic investigations have been used to study circulatory
changes in the eye,44–46 to our knowledge, two- and three-
dimensional quantitative techniques have not been employed
to quantify disease-induced capillary network alteration in the
human retina. The chronological relationship between retinal
capillary network alteration and endothelial dysfunction,
whether it is antecedent or subsequent, has also not been
explored. This information may be important for understand-
ing pathophysiological mechanisms involved in retinal vascular
diseases.

FIGURE 4. Comparison of three-dimensional capillary network morphometry between control and disease eyes. There was no difference in relative
occupied surface area between the two groups in the NFL network (A, B), RGC/sIPL network (C, D), dIPL/sINL network (E, F), and dINL network
(G, H). Scale bar: 200 lm.
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In this study, capillary loop area measurements were used to
speculate upon the role of diffusion mechanisms in regional
cellular nutrition. Mathematical studies have shown that
steady-state oxygen diffusion in vascular networks with an
arbitrary geometry can be modeled to a three-dimensional
space.47–49 Therefore, although the two- and three-dimensional
configuration of capillary loops was different between
networks, it is likely that the functional properties of each
loop with regard to oxygen diffusion are similar. The present
study demonstrated a decrease in capillary loop area in all
retinal networks, other than the dINL, in patients with
cardiovascular comorbidities. Decreasing intercapillary areas
may result in decreased oxygen diffusion times and may
therefore be an important compensatory mechanism by which
the microcirculation ensures adequate cellular nutrition in
early retinal disease.22,34 The proximity of the deep inner
nuclear layer to the outer retina, where the choroid is the
predominant supplier of metabolic substrates,46 may have
been the reason why capillary loop areas were not altered in
this network.

In the capillary network subserving the retinal ganglion cell
and superficial inner plexiform layer, the mean diameter of
capillaries in patients with cardiovascular comorbidities is
increased. These findings are similar to what has been
described in cerebrocortical models of hypoxia.48 In the
parietal cortex, experimental hypoxia induces heterogeneous
changes to capillary network flow and also an increase in red
blood cell velocity.50 Disease-induced increases in capillary
diameter are speculated to underlie these changes.51 Capillary
diameter in the brain has also been shown to increase in
hypercapnic hyperemia.51–53 The net effect of increasing
capillary diameter is an increase in blood flow and thus
improved tissue oxygenation.54 Such an increase in capillary
diameter may explain, at least to some degree, the ‘‘non-
difference’’ in corresponding capillary density and occupied
surface area measurements between disease and control eyes.
Patients with cardiovascular comorbidities may experience
some degree of retinal hypoxia relative to normal eyes. We
speculate that in the earliest stages of hypertension and other
cardiovascular comorbid disorders, a compensatory increase in
capillary diameter may be one means of satisfying neuronal
demands in a relatively hypoxic environment before later
clinical disease such as decreased arteriolar diameter becomes
manifest.15

The molecular basis for capillary network alteration in
patients with cardiovascular comorbidities may be the
upregulation of cytokines and growth factor gradients within
the retina.13,55,56 Vascular endothelial growth factor (VEGF) is
a major stimulator of endothelial movement and an important
determinant of capillary network morphology in embryogen-
esis.57,58 Other growth factors involved in vasculogenesis
include fibroblast growth factor and transforming growth
factor beta.59,60 We speculate that upregulation of growth
factors in the retina in patients with cardiovascular comor-
bidities, possibly due to hypoxia, may underlie the process of
capillary network alteration. Disease-induced VEGF expres-
sion in the retina is nonuniform, being predominantly
expressed by Müller cells, endothelia, astrocytes, retinal
pigment epithelium, and retinal ganglion cells.61 The non-
uniform pattern of capillary network alteration in patients
with cardiovascular comorbidities may bear important corre-
lations to the predominant cell type that is activated to
produce VEGF in the presence of cardiovascular disease.
Further work, however, is required to explore these
correlations.

Microcannulation techniques employed in this study
allowed complete labeling of the retinal circulation and
permitted us to reliably quantify the morphometric features

of capillary networks in the perifovea. The results of this study
suggest that capillary network morphometry is altered before
clinical signs of BRB breakdown are evident in patients with
cardiovascular comorbidities. Our previous study compared
the morphometric features of human retinal capillary networks
between images derived from fluorescein angiography and
postmortem histopathologic slides.44 That study showed that
capillary details derived from fluorescein angiography and
fundus photography are limited to the inner capillary
networks, with very little information concerning the deep
networks present in images derived by these modalities. The
density of capillary structures in fluorescein images is also
significantly lower than in images derived from the same retinal
eccentricity by confocal scanning laser microscopy techniques
using postmortem tissue. Therefore, current imaging modali-
ties that are employed in clinical practice do not allow a
layered analysis of human capillary networks.44 However, the
emergence of high-penetration optical coherence tomography
technology3 may permit noninvasive means of studying
distinct capillary networks in the human eye and may be
useful for the early detection of capillary alteration in patients
with cardiovascular comorbidities. Application of such tech-
nologies to monitor the temporal sequence of capillary
network alteration in at-risk patients may also allow the timely
intervention of therapy.

Although this report provides valuable information con-
cerning the pathogenesis of retinal vascular disease, we
acknowledge several limitations of the study. The sample size
in this study was too small to separate the effects of individual
vascular comorbid disease on capillary network morphometry.
The spectrum of systemic disease severity for each donor was
also unknown. Furthermore, if the sample size had been larger,
it would have been useful to compare the morphometric
features of capillary networks between treated and untreated
patients in the disease group.

It is also possible that some of the control donors were
suffering from undiagnosed vascular comorbidities at the time
of death, and this remains a limitation with all postmortem
histopathologic studies. The findings of this study are also
limited to one retinal eccentricity. It is possible that capillary
network alteration is specific to the form of cardiovascular
insult and retinal eccentricity. The purpose of this study was to
investigate the effects of cardiovascular risk factors on the
retinal microcirculation; and although there was no document-
ed evidence of cardiovascular comorbidity in the control
group, some of the patients in this group may not have been
healthy at the time of death. This in turn may have had some
influence on the results of this study. Other limitations of this
study include the potential of postmortem alterations to
vascular morphology and the long postmortem time, greater
than 12 hours, in four patients in the disease group.
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